A clone of Yersinia pseudotuberculosis DNA carrying the ascA gene was constructed, and the corresponding protein was successfully overexpressed in Escherichia coli. A protocol consisting of DEAE-cellulose and Sephadex G-100 column chromatography was developed and led to a nearly homogeneous purification of the ascA product. Initial characterization showed that the ascA-encoded protein is actually the a-D-glucose-1-phosphate cytidylyltransferase which catalyzes the first step of the biosynthesis of CDP-ascarylose (CDP-3,6-dideoxy-L-arabino-hexose), converting a-D-glucose-l-phosphate to CDP-D-glucose. In contrast to early studies suggesting that this enzyme was a monomeric protein of 111 kDa, the purified cytidylyltransferase from Y. pseudotuberculosis was found to consist of four identical subunits, each with a molecular mass of 29 kDa. This assignment is supported by the fact that the ascA gene, as a part of the ascarylose biosynthetic cluster, exhibits high sequence homology with other nucleotidylyltransferases, and its product shows high cytidylyltransferase activity. Subsequent amino acid comparison with other known nucleotidylyltransferases has allowed a definition of the important active-site residues within this essential catalyst. These comparisons have also afforded the inclusion of the cytidylyltransferase into the mechanistic convergence displayed by this fundamental class of enzyme.
The deoxy sugars are found ubiquitously in nature (15, 67) and are formally derived from common sugars by the replacement of one or more hydroxyl groups with hydrogens. Such a substitution generally causes a critical alteration of the biological role of the resulting sugar and also induces a fundamental change in the metabolism of the product. The conversion of ribonucleotide to deoxyribonucleotide is a well-documented example; however, a similar disparity of metabolic fate and function exists between hexoses and deoxyhexoses. Particularly notable are the 3,6-dideoxyhexoses found in the lipopolysaccharides (LPS) of gram-negative bacteria (2) . Since LPS is the major surface antigen of the gram-negative cell envelope, the immunological heterogeneity among gram-negative species is often attributed to the 0 antigen, of which the 3,6-dideoxyhexoses play an indispensable role in the cell's immunological determination (33, 50, 66) . Inspired by the intriguing nature of their immunological effects, substantial effort has been devoted to exploring 3,6-dideoxyhexose biosynthesis (13, 14) . It is known that four of the five naturally occurring 3,6-dideoxy sugars-abequose (3,6-dideoxy-D-Xylo-hexose), ascarylose (1; 3,6-dideoxy-L-arabino-hexose), paratose (3,6-dideoxy-D-ribohexose), and tyvelose (3,6-dideoxy-D-arabino-hexose)-are all derived from CDP-D-glucose through a complex enzymatic series (34) , while the fifth, colitose (3,6-dideoxy-L-xylo-hexose), arises from GDP-D-mannose (17) .
The biosynthetic formation of 3,6-dideoxy sugars is initiated by the reversible conversion of a hexose-1-phosphate to the corresponding nucleotide diphosphohexose. Enzymes which catalyze this reaction, the ct-D-glucose-l-phosphate nucleotidylyltransferases or nucleotide diphospho-D-glucose pyrophos-phorylases, are prevalent throughout nature, with the beststudied class being the tetrameric a-glucose-i-phosphate adenylytransferase (ADP-D-glucose pyrophosphorylase [EC 2.7.7.27]) present in prokaryotes and photosynthetic eukaryotes (47) . Evidence suggesting the coupling of ADP and glucose-i-phosphate as the primary regulatory step for the biosynthesis of bacterial glycogen and starch in bacteria and plants (48, 49) , respectively, has been accumulated. It is worth mentioning that the bacterial adenylyltransferases present as tetramers of a single subunit, while the plant enzymes have two subunits, existing as a heterotetramer. These enzymes, regardless of their origins, are always allosterically controlled, and the catalysis has been shown to proceed via an ordered bi-bi mechanism (16, 44) . Interestingly, although it retains the same ordered bi-bi kinetics, the corresponding uridylyltransferase (EC 2.7.7.9) from potato tuber exists as a single polypeptide and thus is structurally distinct from the ADP-D-glucose pyrophosphorylase (26) .
Other pyrophosphorylases essential for the construction of bacterial polysaccharides include mannose-1-phosphate guanylyltransferase (EC 2.7.7.13), glucose-i-phosphate thymidylyltransferase (EC 2.7.7.24), and glucose-i-phosphate cytidylyltransferase (EC 2.7.7.). GDP-D-mannose pyrophosphorylase was originally purified from Arthobacter sp. (46) and was found to display activity with GDP-mannose, TDP-mannose, and dGDP-mannose. More recently, a bifunctional enzyme within the alginate biosynthetic pathway, which catalyzes both phosphomannose isomerase and GDP-D-mannose pyrophosphorylase reactions, was identified from Pseudomonas aeruginosa (53, 56) . The gene sequence of this enzyme is homologous to that of a similar enzyme recently isolated from Rhodospirillum rubrum (21) . The TDP-D-glucose pyrophosphorylase had been isolated from Pseudomonas (38) , Escherichia coli (5) , and Salmonella (5) strains. Initial studies of the partially purified thymidylytransferases from these systems have shown the competence of the uridine and deoxyuridine derivatives as alternate substrates (5, 38) . In addition, each enzyme was found to be subject to feedback inhibition by TDP-L-rhamnose. The gene encoding this enzyme in Salmonella sp. (30) has recently been assigned, and genetic studies have demonstrated that enterobacterial common antigen biosynthesis also relies on the product(s) of this essential catalyst (51) .
The least-known member in the family of pyrophosphorylases is a-D-glucose-1-phosphate cytidylyltransferase (27, 35, 37, 40) , which catalyzes the production of CDP-D-glucose (3 in Fig. 1 ) from CIP and D-glucose-l-phosphate (2 in Fig. 1 ). It was first discovered in extracts of Salmonella paratyphi type A (12) , has since been shown to occur in a wide variety of organisms, and has been partially purified from extracts of S.
paratyphi type A (37) and Azotobacter vinelandii (27) . More recently, an eight-step partial purification which resulted in a cytidylyltransferase consisting of a single polypeptide chain with a molecular mass of 100 kDa from Pasteurella pseudotuberculosis (52) (now referred to as Yersinia pseudotuberculosis [20J) was reported. Cation specificity studies revealed that Co + was most active in CDP-glucose synthesis, while Mg2+ was most active in CDP-D-glucose pyrophosphorylysis. In addition, inhibition was observed in the presence of CDPascarylose, CDP-abequose, CDP-4-keto-6-deoxyglucose, CDPfucose, and CDP-6-deoxyglucose, implying that feedback inhibition may provide at least a partial regulatory role for this pathway (52) . However, the lack of a homogeneous preparation has severely hampered further mechanistic studies, and the details regarding the enzyme's quaternary structure remain unclear.
In an effort to fully understand the mechanistic details of CDP-ascarylose (1 in Fig. 1 Fig. 3 .
DNA sequencing and sequence analysis. Plasmids were isolated from E. coli by the alkali method (6) . The procedure of Henikoff (18) was used to generate a set of nested deletions in both directions on the pJT7 insert. Nucleotide sequencing of the pJT7 deletions was carried out directly on double-stranded templates, using commercially available M13 forward and reverse primers on the exonuclease III-generated directional deletion products, by the dideoxy-chain termination method (54) . Computer analysis of the resulting sequence information was performed with IntelliGenetics software (suite 5.4).
Enzyme assays. Method A is a coupled assay used routinely during purification and for kinetic characterization, while method B is a discontinuous assay for the E reaction alone. , and glucose-i-phosphate cytidylytransferase (approximately 62.5 nM). The reaction mixture was incubated for 15 min at 37°C, after which 600 ,u of 0.1 N NaOH was added. After a second 15-min incubation at 37°C, the solution was centrifuged to pellet the denatured protein, and the A320 of the solution was then read (s = 6,500 M1 cm 1). A blank in which the cytidylyltransferase was boiled for 5 min prior to use was run in parallel.
(ii) Method B. An appropriate amount of cytidylyltransferase was incubated with a-D-glucose-1-phosphate (4.0 mM) and CTP (4.0 mM) in 400 ,ul of 50 mM potassium phosphate buffer (10 tration. However, routine measurement, unless otherwise indicated, was determined by the Lowry assay, using bovine serum albumin as the standard (32) . The value determined by the Lowry assay was within 10% of the quantitative amino acid analysis determination and 20% lower than the concentration determined by A28JA260, which was useful for samples obtained from early purification steps (23) .
Enzyme purification. All operations were carried out at 4°C. Unless otherwise specified, all buffers contained 1 mM EDTA. Column profiles are illustrated in Fig. 2 , while the overall purification results are summarized in Table 1 and by SDSpolyacrylamide gel electrophoresis (PAGE) in Fig. 3 . buffer (pH 7.5) and then immediately disrupted. The typical yield was 7.3 g (wet weight) of cells per liter of culture.
Step 1: crude extracts. Cells from 1 liter of culture (7.3 g of packed cells) were resuspended in four times their volume (30 ml) of 50 mM potassium phosphate buffer (pH 7.5). The cells were disrupted by sonication at 40-s bursts (three times), with 2-min intervals between bursts, using a VirSonic model 300 sonicator at 70% output. Temperature of the extracts was kept at 4°C during this process. Cellular debris was removed by centrifugation at 4,400 x g for 30 min, and the supernatant, after being diluted with the same buffer to 41 ml, was designated the crude extracts.
Step 2: streptomycin sulfate treatment. In a dropwise fashion, streptomycin sulfate (5% aqueous solution, 7.8 ml) was added to the crude extract to give a final concentration of 0.8%. After stirring for 1 h, the precipitate was eliminated by centrifugation at 14,000 x g for an additional hour. The supernatant was diluted with 4.9 ml of 1 M potassium phosphate buffer (pH 7.5), designated the streptomycin sample, and carried on to the next step. 
kDa]).
Step 3: ammonium sulfate precipitation. To the enzyme solution from step 2 was added solid ammonium sulfate (21.5 g) in small portions to give a final concentration of 65% saturation. After the addition was complete, the cloudy solution was allowed to stir for 6 h. The precipitated proteins were collected by centrifugation at 4,200 x g for 30 min and redissolved in a minimum amount of 50 mM potassium phosphate buffer (pH 7.5). This solution was dialyzed against 3 liters of the same buffer for 12 h, with six changes of buffer.
Step 4: DEAE-cellulose column chromatography. The dialysate from step 3 (16 ml) was applied to a column of DE-52 (2.5 by 50 cm) preequilibrated with 50 mM potassium phosphate buffer (pH 7.5). The column was washed with 50 ml of the same buffer and then eluted with a linear gradient between 200 ml of the same buffer and 200 ml of 200 mM potassium phosphate buffer (pH 7.5). The flow rate was 30 ml h-', and fractions of 4 ml were collected during the entire gradient elution. The column profile is illustrated in Fig. IA . The contents of fractions 58 to 80 were collected, concentrated to 3.6 ml, and carried on to the next step.
Step 5: Sephadex G-100 gel filtration. To prevent overloading, one third of the solution (1.3 ml) from step 4 was loaded onto a Sephadex G-100 column (1.5 by 170 cm) and eluted with 50 mM potassium phosphate buffer (pH 7.5). The flow rate was 6 ml h-', and 2.5-ml fractions were collected throughout. The active protein from fractions 33 to 40 of Fig. 1 B was concentrated, divided into 200-lI aliquots, and stored at -85°C. The same procedure was repeated with the other two thirds of the solution from step 4.
PAGE. The subunit molecular mass and the purity of enzyme samples were assessed by SDS-PAGE. Electrophoresis was carried out at a constant 35 mA, using a discontinuous buffer system (28) . The separating gel and the stacking gel were 12 and 4% polyacrylamide, respectively. Gels were stained with Coomassie blue (63), destained with acetic acidethanol-water (15:20: 165 by volume), and shown in Fig. 3 .
Molecular weight determination. The subunit molecular weight was determined by SDS-PAGE as described above, and that of the native protein was determined by gel filtration performed on a column of Sephadex G-100 (1.5 by 170 cm) or by FPLC on a Superose 12 column, with the protein standards cytochrome c (12,000), chymotrypsinogen (25,000), ovalbumin (43,000), bovine serum albumin (66,000), alcohol dehydrogenase (150,000), 3-amylase (200,000), apoferritin (443,000), thyroglobin (669,000), and blue dextran (void volume). For Sephadex chromatography, samples were eluted in 50 mM potassium phosphate buffer (pH 7.5) at a flow rate of 7.5 ml h -1 while the A2XO was monitored. FPLC samples were eluted with 25 mM Tris-HCl (pH 8.5) with 500 mM NaCl at a flow rate of 0.3 ml min -1. The molecular weight of the purified protein was estimated by standard methods (1) .
N-terminal analysis. The N-terminal amino acid analysis of the purified protein from the E. coli-pJT12 system was performed by Theodore Thannhauser at the Baker Laboratory of Chemistry, Cornell University.
Nucleoside triphosphate specificity. The five possible nucleoside triphosphates (ATP, GTP, CTP, TDP, and UTP) were individually examined for their reactivity with EP. For these determinations, method B was used with 500 F.M 0--D-glucose- pYPTi physical mapping and sequence. The physical mapping and sequencing of pYPT1 were facilitated through restriction digestion analysis and construction of the variety of subclones outlined in Fig. 4 . Interestingly, three complete open reading frames (ORFs) and one truncated ORF were identified within the insert of pYPT1 (60) . As depicted in Fig. 1 , the biosynthetic pathway for ascarylose has been well established to be initiated with the Ep-catalyzed conversion of D-glucose-1-phosphate (step 2) to CDP-D-glucose (step 3), followed by EOd-mediated transformation to CDP-6-deoxy-D-glycero-Lthreo-4-hexulose (step 4) and then a C-3 deoxygenation to 3,6-dideoxy-D-glycero-D-glycero-4-hexulose (step 5) by CDP-6-deoxy-D-glycero-L-threo-4-hexulose-3-dehydrase (EB), a pyridoxamine-5'-phosphate dependent iron-sulfur enzyme, and CDP-6-deoxy-A3'4-glucoseen reductase (E3), a [2Fe-2S]-containing flavoprotein (59) . Since the genes coding for these enzymes are expected to be clustered, these ORFs must encode for the Eod and, very likely, for other enzymes involved which is believed to code for the ot-D-glucose-1-phosphate cytidylyltransferase in Salmonella typhimurium (22) . The ascA nucleotide sequence is shown in Fig. 5 .
Enzyme assays. Two methods, based on available procedures (52) with minor modification, were developed for assaying Ep activity. Method A coupled the enzymatic process under investigation with EOd reaction, and the resulting product was detected at 320 nm under basic conditions (36) . Method B relied on the incubation of cx-D-[U-l4C]glucose-1-phosphate followed by HPLC separation to directly monitor product formation. While method A was used as a routine assay in Ep purification and kinetic studies, method B was useful in the determination of substrate specificity which was limited by the requirement of direct analysis of Ep products.
Enzyme purification. Using the coupled assay, the recombined Ep was purified to nearly homogeneity by two simple chromatography steps. The observed chromatographic behavior of E on anion-exchange resin was consistent with the predicted pl of 5.78 deduced from the translated amino acid sequence. The results summarized in Table 1 and Fig. 3 clearly demonstrated that Ep was expressed as 7.6% of the total soluble protein from the pJT12-E. coli recombinant with a specific activity of 151 ,umol mg-' h'-, the purity of which far surpasses the corresponding enzyme purified from wild-type strain by Rubenstein and Strominger (specific activity = 8.6 jimol mg-' h-') (52) or previously in our laboratory (17.8 ,umol mg-' h-1).
Properties of cK-D-glucose-l-phosphate cytidylyltransferase.
(i) Stability and optimal pH. The purified enzyme remains relatively stable for days at 4°C and can be stored at -80°C, with repeated freezing and thawing, for months with no appreciable loss of activity. In the presence of Mg2+, Epcatalyzed CDP-glucose synthesis displays a relatively broad pH optimal between pH 7.0 and 9.0, with irreversible inactivation occurring below pH 6.0.
(ii) Molecular mass. When run on a calibrated column of either Sephadex G-100 or Superose 12, the isolated cytidylyltransferase exhibits a native molecular mass of 116 kDa. The subunit molecular mass of 29 kDa, determined by SDS-PAGE, is consistent with the predicted molecular weight of 29,299.65 from the deduced amino acid sequence. Therefore, the active enzyme exists as a homotetramer. These results are inconsistent with previous reports of Ep as a single polypeptide of 111 kDa. However, it is important to note that Rubenstein and Strominger indeed reported the observation of an impurity in some preparations at a position corresponding to a molecular mass of 30 kDa (52) . In retrospect, this "impurity" was most likely the desired protein.
(iii) Spectral properties, metal analysis, and N-terminal analysis. The purified cytidylyltransferase is devoid of absorbance above 300 nm, suggesting the absence of common chromophoric cofactors. The enzyme also lacks any appreciable quantity of metal, including all common divalent cations, upon isolation. In addition, the determined N-terminal amino acid sequence of the purified Ep is identical to the sequence of the translated ascA gene product, confirming the GTG start codon of ascA.
(iv) Nucleoside triphosphate and cation specificity. The enzyme prefers CTP almost exclusively. However, slight activity (<5%) was observed with UTP. The relative reactivity of the divalent cations followed the order Co2" (100%) > Mn2" glucose-i-phosphate and 3-deoxy-3-fluoro-D-glucose-l-phosphate (65) were unreactive in the presence of Ep. Obviously, the substrate anomeric configuration is crucial for binding recognition. Since a hydroxyl-to-fluoro substitution is considered relatively conservative (68) , the fact that the C-3 fluoro analog is not a substrate clearly indicated the interactions at the C-3 hydroxyl must also be important for catalysis.
Definition of the cytidylyltransferase domains. To facilitate our understanding of the essential residues participating directly in catalysis or allosteric regulation, the deduced Ep sequence (60) was compared with all known pyrophosphorylase amino acid sequences. Interestingly, two regions were highly conserved throughout the sequences compared. The first (domain I) is postulated to constitute at least a portion of the activator-binding site, since previous studies of the E. coli adenylyltransferase showed that covalent modification of Lys-39 within this domain by phosphopyridoxylation increases the enzymatic activity even in the absence of the allosteric activator, fructose bisphosphate, in the assay mixture (24, 42, 43) . In addition, the conserved basic residues (Arg-29, Arg-32, and Arg-40) in the E. coli and Salmonella adenylyltransferases have also been suggested to be involved in the ionic interaction with the phosphorylated activators. This postulation is supported by the fact that an arginine corresponding to Arg-32 of the E. coli and Salmonella enzymes is highly conserved among most pyrophosphorylases isolated so far. Thus, this domain, being the allosteric activator-binding region, is expected to function in a manner analogous to the P loop of the nucleotide-binding site (55, 64) , although there is a structural distinction between the P loop and this region. As shown in Fig. 6 , good conservation of domain I is found throughout different members within this class with one exception, the translated rJbA sequence which was believed to code for the Salmonella a-D-glucose-1-phosphate thymidylyltransferase (22) . However, in contrast to the absence of this entire region in the rJbAencoded enzyme, the sequence of Salmonella rfb6.1 (directly adjacent to rJbA in the Salmonella rJb cluster) displays a weak homology with domain I. Hence, it is likely that the thymidylyltransferase is encoded by rfb6.1 and not by rJbA in Salmonella spp. This observation has been recently substantiated by a report of the purification and characterization of the rJb6.1 gene product, which indeed shows thymidylyltransferase activity (30) . Therefore, in addition to further clarifying a potential inconsistency regarding the thymidylyltransferase assignment in Salmonella spp., this comparison also implicates that Arg-13 and Lys-21 of cytidylyltransferase of Yersinia spp. may participate in binding of an allosteric regulator, the identity of which is currently unknown. It should be pointed out that no conclusive evidence is available at present corroborating the definition of this putative allosteric domain, especially for the plant x-glucose-1-phosphate adenylyltransferases. Future site-directed mutagenesis work in this area may help substantiate this hypothesis and further establish the roles of these conserved amino acid residues.
The second region (domain II), believed to be the substratebinding site, was identified from affinity labeling studies in which a specific lysyl residue was found to be consistently modified by azido-ADP-glucose or reductive phosphopyridoxylation in the E. coli and Salmonella ADP-D-glucose pyrophosphorylases (57 6. its neighboring amino acid residues to properly fold the protein so as to provide the correct geometry of catalytic residues. However, dramatic loss of kinetic affinity for sugar substrate observed upon site-directed mutagenesis of this moiety in Oa-D-glucose-1-phosphate adenylyltransferase from E. coli and uridylyltransferase from potato tuber suggests that the conserved lysine binds glucose-i-phosphate, probably via an anionic interaction between the negatively charged phosphate and its positively charged s-amino group (19, 25) . As expected, alignment of the available amino acid sequences of the nucleotidyltransferases shows excellent homology within this region, with the residues Glu-Lys-Pro fully conserved in all proteins examined (Fig. 7) . The majority of these proteins actually contain the extended Phe-X-Glu-Lys-Pro fold, where X is valine or a hydrophobic residue. Interestingly, the X residue in this domain of Ep from Y pseudotuberculosis is a lysine.
Substitution with a polar residue may provide the necessary binding specificity for the CDP derivative. Once again, the translated rfbA product from Salmonella spp. displays little or no similarity, yet the rfb61-encoded protein, as expected, shows moderate conservation within this region (22) .
In summary, this work describes a nearly homogeneous preparation of an ax-D-glucose-l-phosphate cytidylyltransferase from Y. pseudotuberculosis. Despite the fact that the subunit molecular weight of the purified protein is surprisingly distinct from that reported earlier, the extensive amino acid homology (78%) with the translated product of rJbF (postulated to code for the Salmonella cytidylyltransferase) (22) , in conjunction with the location of the ascA gene within the confines of the CDP-ascarylose biosynthetic cluster, unequivocally supports the assignment of ascA product as the genuine cytidylyltransferase. This argument was further sustained by the much higher specific activity displayed by the highly purified enzyme. Thus, the indisputable assignment of the Yersinia cytidylyltransferase establishes, for the first time, the correct quartenary structure of Ep. Contrary to previous notion, this enzyme exists as a homotetrameric protein similar to many other pyrophosphorylases found in nature. In addition, our work furnishes large quantities of the first enzyme involved in the CDP-ascarylose pathway which may serve as an efficient catalyst for the preparation of a variety of substrate analogs designed to study the ascarylose biosynthetic enzymes. Sequence comparison with pyrophosphorylases has provided initial evidence regarding the location of the active site within this particular enzyme. These results suggest that the majority of enzymes within this broad class are subject to a similar mode of allosteric regulation, although the identity of the respective regulators is often not known, and further support the belief that the mechanistic route followed by these catalysts is also conserved. Future biochemical as well as genetic experiments founded on these observations may help better define the specifics of active-site chemistry of this important class of allosterically regulated enzymes responsible for the first committed step in glycogen biosynthesis in bacteria.
